*AP2S1* mutations were initially identified by exome capture and high-throughput sequence analysis of genomic DNA from an affected individual from each of two unrelated kindreds with FHH3 (FHH3~OK~ and FHH3~NI~, [Table 1](#T1){ref-type="table"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} )^[@R5]-[@R7]^. This revealed the occurrence of over 2500 previously unreported non-synonymous single nucleotide variants (SNVs) in the whole exome of each patient. An analysis of SNVs within the 3.46Mbp interval on 19q13.3, which is the location of the *FHH3* locus^[@R6],[@R7]^ and contains \~110 genes, revealed one SNV, a C to T transition in exon 2 of the *AP2S1* gene, which encodes the protein AP2σ2^[@R13]^, in patients from both kindreds. The C to T transition, which predicted the occurrence of a missense mutation (Arg15Cys) ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), was confirmed by dideoxynucleotide sequencing ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) and the resulting alterations in restriction endonuclease (*HhaI* and *BmgBI*) sites ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) were used to demonstrate its cosegregation in members (32 affected and 23 unaffected) from 4 generations of the two kindreds ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

FHH3, together with FHH1 and FHH2 are genetically heterogenous autosomal dominant disorders of extracellular-calcium (Ca~o~^2+^) homeostasis that are characterised by lifelong elevations of serum calcium concentrations with inappropriately low urinary calcium excretion (mean urinary calcium:creatinine clearance ratio \<0.01)^[@R5],[@R9],[@R11]^. The loci for FHH1, FHH2, and FHH3 are located on chromosomes 3q21.1, 19p, and 19q13.3, respectively^[@R6]-[@R8],[@R14]^. FHH1 and FHH2 are usually associated with normal circulating parathyroid hormone (PTH) concentrations and mild hypermagnesemia, and are generally asymptomatic disorders^[@R9],[@R11]^; although some FHH1 patients may suffer from pancreatitis, chondrocalcinosis, or primary hyperparathyroidism due to excessive PTH secretion by parathyroid tumours, which in neonates may result in life-threatening hypercalcemia, hypotonia, bone demineralization, fractures and respiratory distress, and in adults may be associated with osteoporosis and kidney stones^[@R9],[@R11]^. FHH3 is characterised by different clinical features, which include increased serum PTH concentrations, hypophosphatemia, and osteomalacia^[@R5],[@R7]^. Approximately 65% of FHH patients have FHH1, due to loss-of-function mutations of the CaSR, a GPCR encoded by a gene on 3q21.1^[@R8]-[@R11]^. To determine the frequency of *AP2S1* mutations in the remaining \~35% of FHH patients, we undertook DNA sequence analysis of the 5 exons and 8 intron-exon boundaries of *AP2S1* in 50 unrelated patients in whom CaSR mutations had been excluded^[@R9]^. This revealed the occurrence of 11 missense heterozygous mutations, consistent with autosomal dominant inheritance of FHH3, that all affected Arg15 and consisted of four Arg15Cys, three Arg15His, and four Arg15Leu mutations ([Table 1](#T1){ref-type="table"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). Patients with these *AP2S1* mutations, whose ages ranged from 8 days to 78 years ([Table 1](#T1){ref-type="table"}), had similar elevations in serum calcium and PTH concentrations and reductions in urine calcium excretion, thereby indicating an absence of a correlation between the mutation and clinical phenotype. However, the occurrence of these 3 different *AP2S1* mutations that altered only the Arg15 residue in 13 unrelated probands and the significant conservation of the Arg15 residue in 5,400 human exomes (p\<10^−10^, Fisher exact test) indicates that this residue represents a likely mutational hotspot. Indeed, Arg15 *AP2S1* missense mutations may be the underlying cause of FHH in \>20% of patients without CaSR mutations.

The observations of 13 FHH3-associated *AP2S1* mutations that solely involved the Arg15 residue ([Table 1](#T1){ref-type="table"}), which is evolutionarily conserved in all AP2σ2 subunit orthologues and human AP sigma subunit paralogues ([Fig. 1a](#F1){ref-type="fig"})^[@R3]^, indicated that this residue likely plays a critical role in the AP2 complex. Indeed, an analysis of the crystal structure of AP2 revealed that the Arg15 (R15) residue of AP2σ2 and the Arg21 (R21) residue of AP2α1 are involved in forming key contacts with a glutamine (Q) residue at position −4 relative to the first leucine of the dileucine motif of cargo proteins ([Fig. 1b](#F1){ref-type="fig"})^[@R4]^. Replacing the positively charged Arg15 residue with either the polar, but uncharged, Cys15 (C15) residue ([Fig 1c](#F1){ref-type="fig"}) or the non-polar Leu15 (L15) residue ([Fig. 1d](#F1){ref-type="fig"}) is predicted to lead to a reduced affinity for the dileucine motif, and hence compromise adaptor function. However, the effects of the His15 (H15) mutation ([Fig. 1e](#F1){ref-type="fig"}) are more difficult to predict as arginine and histidine are both positively charged residues. We hypothesised that these predicted effects of the FHH3-associated *AP2S1* mutants may decrease the sensitivity of cells expressing the CaSR to extracellular-calcium (Ca~o~^2+^) and reduce CaSR endocytosis, for the following four reasons. First, AP2 is known to play an important role in GPCR endocytosis and recycling, thereby influencing GPCR sensitivity ([Fig. 2](#F2){ref-type="fig"})^[@R15]^; and second, the CaSR has within its cytoplasmic C-terminal domain a variant dileucine motif (Arg-His-Gln-Pro-Leu-Leu (RHQPLL), residues 1009-1014)^[@R9],[@R16]^. Third, the CaSR is pivotal in Ca~o~^2+^ homeostasis ([Fig. 2](#F2){ref-type="fig"}), and in mediating changes in PTH secretion and renal tubular calcium reabsorption in response to alterations in plasma calcium concentrations^[@R9]-[@R12]^; and fourth, CaSR loss-of-function mutations found in patients with the similar disorder of FHH1, cause a decrease in the sensitivity of cells expressing the CaSR^[@R8]-[@R10],[@R12],[@R17]^.

To investigate this hypothesis and the functional effects of the FHH3-associated Arg15Cys, Arg15His and Arg15Leu *AP2S1* mutants, we pursued two approaches . First, we assessed the effects of removing the CaSR dileucine motif, by transient transfection of Human Embryonic Kidney (HEK)293 cells with either wild-type CaSR (Leu-Leu1013-4) or mutant CaSR (Ala-Ala1013-4) and measuring the \[Ca^2+^\]~i~ responses of the transfected cells to alterations in \[Ca^2+^\]~o~, using reported methods^[@R9],[@R12]^. We chose HEK293 cells as suitable parathyroid and renal thick ascending limb (TAL) cells are not available and because HEK293 cells are an established model system for assessing CaSR mutants^[@R9],[@R12],[@R18]-[@R22]^. Moreover, HEK293 cells predominantly express the full-length *AP2S1* transcript at levels that are comparable to that found in human parathyroid adenomas and kidney ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). Expression of the mutant CaSR led to a rightward shift in the concentration-response curves with a significantly higher EC~50~ (i.e. the \[Ca^2+^\]~o~ required to produce a half-maximal increase in \[Ca^2+^\]~i~) value (mutant EC~50~=3.63mM (95% confidence interval (CI) 3.57-3.68mM)(n=8) versus wild-type EC~50~=3.41mM (95% CI 3.36-3.46mM) (n=8), p\<0.0001) ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). Thus, these results indicate that the CaSR dileucine motif is functionally significant. Second, we established HEK293 cells that stably expressed CaSR and transiently transfected them with either wild-type or mutant *AP2S1*-pBI-CMV2 expression constructs. We specifically chose to subclone the full-length coding region of *AP2S1* into the bidirectional vector pBI-CMV2, which contains a green fluorescent protein (GFP) reporter gene ([Fig. 3a](#F3){ref-type="fig"}), as it allowed co-expression of AP2σ2 and GFP at equivalent levels ([Fig. 3b](#F3){ref-type="fig"}) without the requirement of tagging the small (17kDa) AP2σ2 protein that may have altered its function^[@R23]^. Following transient transfection with either wild-type or mutant *AP2S1*-pBI-CMV2 constructs, the expression of CaSR, AP2σ2 and GFP, which also represented a surrogate marker for transfected AP2σ2, was detected by immunofluorescence and/or Western blot analysis ([Fig. 3a and 3b](#F3){ref-type="fig"}), and the EC~50~ of the \[Ca^2+^\]~i~ responses to \[Ca^2+^\]~o~ measured^[@R9],[@R12],[@R19],[@R24]-[@R26]^. This revealed that expression of all three mutant AP2σ2s led to a rightward shift in the concentration--response curves ([Fig. 3c-e](#F3){ref-type="fig"}) with significantly higher EC~50~ (Arg15Cys=2.90mM (95% CI 2.85-2.96mM); Arg15His=2.73mM (95% CI 2.66-2.80mM); Arg15Leu=2.86mM (95% CI 2.80-2.93mM); and wild-type AP2σ2 EC~50~ =2.53mM (95% CI 2.47-2.60mM), all p\<0.0001, n=12, when compared to wild-type) ([Table 2](#T2){ref-type="table"}). The increase in the CaSR EC~50~ induced by the FHH3-associated *AP2S1* mutants indicate a decrease in the sensitivity of cells expressing CaSR to extracellular-calcium, and this is consistent with the effects of the loss-of-function CaSR mutations reported in FHH1^[@R9],[@R12]^ . Moreover the EC~50~ values of the cells transfected with the Leu15 and His15 *AP2S1* mutants were similar to that of cells transfected with vector alone, whereas the EC~50~ value of cells transfected with the Cys15 *AP2S1* mutant were significantly higher than those with vector alone, thereby indicating a possible dominant-negative effect for this *AP2S1* mutant ([Table 2](#T2){ref-type="table"}).

To investigate the effect of the *AP2S1* Arg15 mutations on CaSR endocytosis, we evaluated CaSR cell-surface expression by an intact cell ELISA^[@R18]^ in HEK293 cells that were stably transfected with CaSR, under basal and stimulated conditions using 0.5mM and 5mM Ca~o~^2+^, respectively ([Table 3](#T3){ref-type="table"}). The basal cell-surface expression of CaSR in cells trasfected with wild-type or mutant *AP2S1*, or vector alone was similar ([Table 3](#T3){ref-type="table"}). Increasing \[Ca^2+^\]~o~ resulted in decreased cell-surface expression of CaSR in all cells, whether transfected with wild-type or mutant AP2S1, or vector alone, thereby indicating internalisation of ligand-stimulated CaSR by endocytosis^[@R20]^, mediated by endogenous wild-type AP2σ2 ([Table 3](#T3){ref-type="table"}). However, following stimulation with increased \[Ca^2+^\]~o~, cells transfected with wild-type *AP2S1* had a significantly further reduction of cell-surface CaSR expression when compared to those transfected with mutant Arg15Cys *AP2S1* or vector alone, whilst those cells transfected with mutant Arg15Cys *AP2S1* had a similar CaSR cell-surface expression to that observed in cells transfected with vector alone([Table 3](#T3){ref-type="table"}). These results indicate that the effect of the transfected wild-type *AP2S1* is to raise the total of available wild-type AP2σ2 (i.e. endogenous plus transfected AP2σ2 ), which will increase CaSR endocytosis; however, this increased CaSR endocytosis is not observed in cells transfected with the *AP2S1* mutant, which instead is associated with decreased CaSR internalisation ([Table 3](#T3){ref-type="table"}). Thus, our studies demonstrate that AP2σ2 has a role in CaSR endocytosis as well as in the regulation of CaSR signaling via Ca~i~^2+^ ([Fig. 2](#F2){ref-type="fig"}), a pathway pivotal for Ca~o~^2+^ homeostasis, such that its disruption by *AP2S1* Arg15 mutants results in FHH3.

Our study, which represents the first report of a disease-causing mutation of an AP2 subunit, demonstrates that missense mutations (Arg15Cys, Arg15His, and Arg15Leu)([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) of AP2σ2, a ubiquitously expressed protein ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}) that forms part of the AP2 heterotetrameric complex^[@R1]^, surprisingly does not result in a multi-system disorder but instead results in a specific disorder of extracellular-calcium homeostasis involving the parathyroids, kidneys and bone^[@R5]-[@R7]^. A possible explanation for this could be that mutation of Arg15, which in an analysis of \>50 unrelated FHH patients was found to be the only residue involved, likely has a specific effect such as recognition of the CaSR dileucine motif by AP2σ2. This implies that mutations of other *AP2S1* residues may result in different diseases, and the situation may be analogous to that reported for different mutations of lamin A (*LMNA*), which are associated with six different tissue-specific diseases^[@R27]^. Thus, our results which have defined that mutations of a specific residue (Arg15) of AP2σ2 cause FHH3, demonstrate a previously unrecognized role for AP2σ2 in extracellular-calcium homeostasis.

ONLINE METHODS {#S2}
==============

Patients {#S3}
--------

Informed consent was obtained from individuals, using protocols approved by the local and national ethics committees (MREC/02/2/93). Thirty-two family members (17 affected members and 15 unaffected members), from four generations, of the previously reported FHH~OK~ kindred^[@R5],[@R6]^ and 23 family members (16 affected members and 7 unaffected members), from three generations, of the reported FHH~NI~ kindred^[@R7]^ were investigated. In addition, 50 reported FHH patients^[@R9]^ (23 males and 27 females) in whom *CASR* mutations had not been detected, were investigated. Clinical details of the two FHH3 kindreds^[@R5]-[@R7]^ and the FHH patients without CaSR mutations have been reported^[@R9]^.

Exome capture and DNA sequencing {#S4}
--------------------------------

Leukocyte DNA was prepared from venous blood^[@R6],[@R9]^, and quantified using the High Sensitivity Qubit system (Invitrogen) and assessed for integrity using an agarose gel. Three μg of DNA were fragmented, and libraries prepared using the SureSelect Human All Exon v2 Kit (Agilent Technologies, Santa Clara, CA), as follows^[@R31]^. Fragmented DNA was amplified using universal adapter sequences and the amplified library hybridized to the SureSelect oligos before additional rounds of amplification. Libraries were quality checked using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and quantified by qRT-PCR, prior to analysis by an Illumina GAIIx, using 50bp paired end reads^[@R31],[@R32]^.

Bioinformatic analysis of exome sequence data {#S5}
---------------------------------------------

Data were aligned to the Human37 reference genome build, using an in-house short-read mapper, (Stampy)^[@R33]^ and stored in BAM format^[@R34]^. Sufficient target region coverage (i.e. \>10 base reads) was verified in excess of 70% for the analyzed samples. Identification of variant sites and alleles was performed with an in-house variant-caller, Platypus, which can detect single nucleotide variants (SNVs) and short (\<50bp) indels. Variants were reported in a final output VCF file and filtered to reduce the false-positive rate. Variants previously reported in dbSNP v.135 or 1000 Genomes databases were excluded from further analysis. Remaining variants were examined using the programs Polyphen-22, SIFT and MutationTaster to predict the effect on encoded protein, conservation and expression. Aligned reads were viewed with the Integrative Genomics Viewer^[@R35]^.

Sanger (dideoxynucleotide chain termination) sequencing of *AP2S1* {#S6}
------------------------------------------------------------------

Leukocyte DNA was used with *AP2S1*-specific primers ([Supplementary Table 1](#SD1){ref-type="supplementary-material"})( for PCR amplification of the 5 exons and 8 intron-exon boundaries and the DNA sequences of the PCR products determined using BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Grand Island, NY) and an ABI 3730 Automated capillary sequencer (Applied Biosystems, Foster City, CA)^[@R9]^. DNA sequence abnormalities and co-segregation in families were confirmed by restriction endonuclease analysis (New England Biolabs), as described^[@R24]^. In addition, the DNA sequence abnormalities were confirmed by high-resolution melting (HRM) curve analysis using a Rotor-Gene Q (Qiagen Inc, Valencia, CA)^[@R36]^. Sequence changes were compared with data from the NHLBI-ESP, which provides the exome sequences from \~5400 samples, to assess whether they represent rare polymorphisms that may occur in 0.1% of the population.

Protein sequence analysis and computer modeling of AP2 structure {#S7}
----------------------------------------------------------------

Protein sequences of AP2σ2 orthologues and paralogues were aligned with Clustal W^[@R37]^. The crystal structure of AP2 heterotetramer bound to an acidic dileucine peptide has been reported^[@R4]^. The PyMOL Molecular Graphics System (Version 1.2r3pre, Schrödinger, LLC) was used to model the effect of the FHH3-associated *AP2S1* mutations on the interaction with acidic dileucine motif peptide using three-dimensional structure of AP2 archived in the Protein Data Bank at the European Bioinformatics Institute with the accession number 2JKR^[@R4],[@R25]^.

Functional expression of *CASR* and *AP2S1* mutations {#S8}
-----------------------------------------------------

Functional studies to assess CaSR signalling were performed in HEK293 cells because suitable parathyroid and renal tubular cells are not available, and HEK293 cells have been established as a model for such studies^[@R9],[@R12],[@R18],[@R19],[@R21],[@R22]^. The previously reported CaSR-EGFP construct^[@R9],[@R19]^ was used and an expression construct for AP2σ2 was generated by cloning the *AP2S1* full-length coding region into the bi-directional cloning vector pBI-CMV2 (Clontech) which allows co-expression of AP2σ2 and GFP at equivalent levels^[@R23]^. *CASR* and *AP2S1* mutations were introduced into the construct by site-directed mutagenesis (QuikChange; Stratagene, La Jolla, CA, USA) and confirmed by DNA sequence analysis, as described^[@R9],[@R24],[@R25]^. A stably CaSR-transfected HEK293 cell line (HEK293-CaSR clone 1C4) was produced by stably transfecting HEK293 cells with a linearised plasmid containing the full-length cDNA of the human parathyroid CaSR^[@R12]^. HEK293-CaSR 1C4 cells were grown in high glucose DMEM (Invitrogen) supplemented with 10% foetal bovine serum and 400 μg/ml neomycin. A high level of CaSR expression in these cells was confirmed by Western blot analysis and immunofluorescence using a mouse monoclonal antibody to human CaSR (ADD; NPS Pharmaceuticals, Salt Lake City, UT, USA)^[@R19],[@R26]^ . The wild-type and mutant constructs were transiently transfected into HEK-CaSR cells using Lipofectamine 2000 (Invitrogen)^[@R9]^. Cells were visualized by a fluorescence microscope (Eclipse E400) with an epifluorescence filter and images captured using a DXM1200C digital camera and NIS Elements software (Nikon)^[@R9],[@R19]^. The wild-type and mutants were functionally assessed by measuring the alterations in \[Ca^2+^\]~i~ response to changes in \[Ca^2+^\]~o~, as described^[@R12],[@R19]^. Briefly, 48 hours post-transfection, the cells were harvested, washed in calcium- and magnesium-free Hanks' balanced salt solution (HBSS) (Invitrogen) and loaded with 1μg/ml indo-1-acetoxymethylester (Indo-1-AM) (Molecular Probes) for 1 hour at 37°C. After removal of free dye, the cells were resuspended in calcium and magnesium-free HBSS and maintained at 37°C. Flow-assisted cell sorting of transfected cells was performed with a Cytomation MoFlo flow cytometer (Dako-Cytomation, Carpenteria, CA, USA) equipped with an argon laser (Coherent Radiation, Palo Alto, CA, USA), as described^[@R19]^. Baseline fluorescence ratio was measured for 2 min, the fluorescence ratio vs time recorded, and data collected for 2 min at each \[Ca^2+^\]~o~. Cytomation summit software was used to determine the peak mean fluorescence ratio of the transient response after each individual stimulus expressed as a normalized response, as previously reported^[@R9],[@R12],[@R19]^. Nonlinear regression of concentration-response curves was performed with GraphPad Prism (GraphPad, San Diego, CA) using the normalized response at each calcium concentration for each separate experiment for the determination of the EC~50~ (i.e., \[Ca^2+^\]~o~ required for 50% of the maximal response). Expression of CaSR, AP2σ2 and GFP protein as a surrogate for transfected AP2σ2, was also confirmed by Western blot analysis of cellular protein extract using a rabbit polyclonal antibody to human AP2σ2 (Abcam, Cambridge, UK), a mouse monoclonal antibody to human CaSR (ADD, NPS pharmaceuticals, Salt Lake City, UT), and a monoclonal GFP antibody (Santa Cruz Biotechnology)^[@R19],[@R24]^.

Enzyme-linked immunosorbent assay (ELISA) {#S9}
-----------------------------------------

Near confluent stably CaSR-transfected HEK293 cells were transfected with 2μg plasmid DNA per well of 6-well plates as described above, and 24 hours later each well was plated into 24 (3 × 8) wells of a 96 well poly-L-lysine coated plate and incubated overnight. Cells were then starved overnight in 0.5mM Ca^2+^ with 0.2% bovine serum albumin (BSA) in DMEM. Cells were stimulated with either 0.5mM or 5mM Ca^2+^ for 15 minutes at 37°C, placed on ice, briefly washed with ice-cold phosphate buffered saline (PBS), and fixed with either 4% paraformaldehyde (PFA) in PBS (cell-surface CaSR) or methanol (MeOH) (total CaSR) for 15 min, on ice. Subsequent steps were carried out at room temperature. Cells were washed with PBS, blocked for 1 hour in 5% normal goat serum in PBS, and incubated with anti-CaSR antibody (Abcam ab79038) diluted 1 in 200 (PFA-fixed) or 1 in 500 (MeOH-fixed). Cells were washed four times with PBS and incubated with HRP-conjugated goat anti-rabbit antibody (Biorad) diluted 1 in 3000 for 1 hour. Cells were washed four times with PBS and the samples developed with 3, 3′, 5, 5′-tetramethylbenzine (TMB) (Pierce) for 5 minutes (total CaSR) or 25 min (cell-surface CaSR), the reaction stopped with 2M sulphuric acid, and the absorbances read at 450nm using a Versamax plate reader (Molecular Devices, Sunnyvale, CA). Background (no primary antibody) control was subtracted from each reading and seven replicates for each transfection/fixation were averaged. Data were normalised to cell-surface or total abundance of CaSR in vector-only 0.5mM Ca^2+^ transfected cells.

Analysis of *AP2S1* alternative splicing and expression {#S10}
-------------------------------------------------------

Total RNA derived from pooled normal human tissues (Ambion), parathyroid tumours, HEK293 cells or CaSR stably-transfected HEK293 cells were used^[@R24]^. First-strand cDNA was produced from 1μg of total RNA using the Quantitect Reverse Transcription Kit (Qiagen)^[@R24]^. To investigate alternative splicing, RT-PCR was performed using *AP2S1*-specific primers ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}) and utilizing 35 cycles with an annealing temperature of 65 °C and with 1.5mM MgCl~2~^24^. To quantify *AP2S1* expression real-time qRT-PCR was performed with Quantitect gene expression assays (Qiagen) using the Rotorgene-Q system. Ct values were collected for *AP2S1* and the housekeeping genes *GAPDH*, *PGK* and *β2M* during the log phase of the cycle. *AP2S1* levels were normalized to a geometric mean of the three housekeeping genes for each sample and expressed as an arbitrary percentage of the housekeeper geomean expression.

Statistical analysis {#S11}
--------------------

The prevalence of *AP2S1* variants was compared to the corresponding prevalence in a large set of control exomes with a Fisher's exact test^[@R32]^. For the *in vitro* functional expression studies, the mean EC~50~ from a minimum of twelve separate transfection experiments was used for statistical comparison by using the *F*-test^[@R19]^.
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![Evolutionary conservation of AP2σ2 Arg15, and structural analysis of mutants\
**a**, Multiple protein sequence alignment of AP2σ2 revealed evolutionary conservation of Arg15 (R15) residues in orthologues and human paralogues. Conserved residues are shaded grey. The Arg15 residue is conserved in all AP2σ2 subunits from human to *C. elegans* and in all human AP sigma subunit paralogues. **b**, Location of Arg15 residue in crystal structure of AP2 heterotetramer bound to an acidic dileucine motif^[@R4]^. Polar contacts (black dotted lines) of the Arg15 residue of AP2σ2 (pale-blue) and Arg21 (R21) residue of AP2α1 (mauve) with the glutamine (Q(L-4)) residue of the acidic dileucine peptide (green) are indicated. The AP2σ2 mutants are circled red. The mutants **c**, Cys15 (C15), **d**, Leu15 (L15)and **e**, His15 (H15) are predicted to result in the loss or weakening of this key polar contact.](emss-50447-f0001){#F1}

![Schematic model for CaSR signaling and its endocytosis mediated by β-arrestin and AP2\
Ligand binding of calcium ions (yellow) by the GPCR CaSR (grey) results in G-protein-dependent stimulation, through G~q/11~, of phospholipase C (PLCβ)(orange) activity, causing an accumulation of inositol 1,4,5-trisphosphate (IP~3~) and rapid release of calcium ions from intracellular stores (Ca~i~^2+^), as well as an increase in diacylglycerol (DAG) and stimulation of Protein Kinase C (PKC) which phosphorylates CaSR threonine residues (red P) that promotes binding by β-arrestin (brown) and initiates CaSR internalization^[@R10],[@R15],[@R17],[@R28]^. AP2 (purple) plays a pivotal role in initiating GPCR internalisation by binding the β-arrestin tyrosine (YxxΦ) motif, via its μ2 subunit; indeed, mutations of the AP2 μ2 subunit disrupt binding to the β-arrestin tyrosine motif and severely impair clathrin-mediated endocytosis^[@R29]^. AP2, which is a central component of clathrin-coated vesicles (CCVs), links clathrin to the vesicle membrane and binds to the tyrosine-based and dileucine-based motifs of membrane-associated cargo proteins^[@R1],[@R3]^. Internalised GPCR-β-arrestin complexes may signal by G protein-independent pathways e.g. mitogen-activated protein kinase (MAPK) signaling^[@R10],[@R17]^. Calcium-stimulation decreases CaSR cell-surface expression^[@R20]^, and AP2σ2 may facilitate this CaSR internalisation by interaction with a C-terminal dileucine motif (Arg-His-Gln-Pro-Leu-Leu)(RHQPLL)) of the CaSR; indeed studies of the related GPCR, *γ*-aminobutyric acid type B (GABA~B~) receptor have shown that removal of this dileucine motif impairs internalisation of this GPCR^[@R30]^.](emss-50447-f0002){#F2}

![*AP2S1* Arg15 mutants increase EC~50~ of CaSR-expressing cells\
HEK293 cells stably transfected with CaSR were transiently transfected with wild-type (WT) or mutant (m) *AP2S1*-pBI-CMV2-GFP expression vector, or the empty vector pBI-CMV2-GFP. **a**, Fluorescence microscopy confirmed GFP expression and successful transfection^[@R19],[@R24]^. **b**, Western blot analysis, using anti-CaSR, anti-tubulin, anti-GFP, and anti-AP2σ2 antibodies^[@R19],[@R24]-[@R26]^. HEK293 cells endogenously express AP2σ2 ([Supplementary Fig.2](#SD1){ref-type="supplementary-material"}), and co-expression of mutant AP2σ2 mimicked the situation occurring in FHH3 patients ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). Transfection with WT or m *AP2S1*-pBI-CMV2-GFP vector resulted in a significantly greater expression of AP2σ2 by 1.5 to 2.3-fold (p\<0.05) when normalised for tubulin expression and compared to transfection with empty vector (data not shown). UT-untransfected cells and V-empty vector. **c-e**, \[Ca^2+^\]~i~ responses (mean±SEM, n=12) to changes in \[Ca^2+^\]~o~ of cells transfected with *AP2S1* WT, mutant (m) or vector (V) alone; the vector expressed GFP but not AP2σ2, whereas the WT and mutant constructs expressed GFP and either WT or mutant AP2σ2, respectively. **c**, Cys15 (C15), **d**, Leu15 (L15), and **e**, His15 (H15) constructs. EC~50~ values (dotted lines).](emss-50447-f0003){#F3}

###### 

Biochemical features of 13 FHH families or patients

                                                                                                                                                                       Serum         Urine                                                                                             
  ------------------------------------- ----------------------------------------- ----------------------------------------- ------------------------------------------ ------------- ------------- ---------------------------------------- ------------------------------------------ -----------------------------------------------
  *Arg15Cys ([C]{.ul}GC→[T]{.ul}TGC)*                                                                                                                                                                                                                                                  
                                        FHH~Ok~[m](#TFN14){ref-type="table-fn"}   13F, 3M[o](#TFN16){ref-type="table-fn"}   36 ± 6.6[p](#TFN17){ref-type="table-fn"}   2.88 ± 0.03   0.77 ± 0.03   73 ± 10[c](#TFN4){ref-type="table-fn"}   65 ± 17.0[g](#TFN8){ref-type="table-fn"}   0.003 ± 0.001[j](#TFN11){ref-type="table-fn"}
                                        FHH^NI^~m~                                11F, 5M                                   32 ± 4.4                                   2.72 ± 0.07   0.95 ± 0.03   99 ± 18[d](#TFN5){ref-type="table-fn"}   60 ± 6.2[h](#TFN9){ref-type="table-fn"}    0.006[n](#TFN15){ref-type="table-fn"}
                                        02/08[n](#TFN15){ref-type="table-fn"}     2F                                        19                                         2.77          0.83          243[e](#TFN6){ref-type="table-fn"}       3.3[i](#TFN10){ref-type="table-fn"}        0.006[j](#TFN11){ref-type="table-fn"}
                                        02/10                                     M                                         78                                         2.74          0.84          220[e](#TFN6){ref-type="table-fn"}       45.1[h](#TFN9){ref-type="table-fn"}        0.18[k](#TFN12){ref-type="table-fn"}
                                        03/96                                     M                                         \<15                                       H             N             N                                        N                                          L
                                        07/98[n](#TFN15){ref-type="table-fn"}     2F                                        16                                         H             N             N                                        N                                          L
  *Arg15Leu (C[G]{.ul}C→C[T]{.ul}C)*                                                                                                                                                                                                                                                   
                                        13/07                                     F                                         51                                         3.03          0.71          57[d](#TFN5){ref-type="table-fn"}        6.2[i](#TFN10){ref-type="table-fn"}        1.6[l](#TFN13){ref-type="table-fn"}
                                        11/02[n](#TFN15){ref-type="table-fn"}     2M, 1F                                    52                                         3.19          1.11          63[d](#TFN5){ref-type="table-fn"}        49[h](#TFN9){ref-type="table-fn"}          0.35[k](#TFN12){ref-type="table-fn"}
                                        04/10                                     M                                         11                                         3.13          0.91          316[f](#TFN7){ref-type="table-fn"}       45[h](#TFN9){ref-type="table-fn"}          0.32[k](#TFN12){ref-type="table-fn"}
                                        19/07[n](#TFN15){ref-type="table-fn"}     1M, 2F                                    0.02                                       3.3           N             165[f](#TFN7){ref-type="table-fn"}       54[h](#TFN9){ref-type="table-fn"}          0.1[k](#TFN12){ref-type="table-fn"}
  *Arg15His (C[G]{.ul}C→C[A]{.ul}C)*                                                                                                                                                                                                                                                   
                                        04/04                                     F                                         19                                         2.85          N             N                                        36[h](#TFN9){ref-type="table-fn"}          0.025[j](#TFN11){ref-type="table-fn"}
                                        23/08                                     M                                         73                                         2.62          0.83          164[e](#TFN6){ref-type="table-fn"}       49.6[h](#TFN9){ref-type="table-fn"}        0.23[k](#TFN12){ref-type="table-fn"}
                                        11/10                                     F                                         49                                         2.72          0.97          133[e](#TFN6){ref-type="table-fn"}       11.2[i](#TFN10){ref-type="table-fn"}       0.8[l](#TFN13){ref-type="table-fn"}

Normal serum ranges^[@R11]^:

calcium, 2.10-2.60 mmol/l;

phosphate, 0.70-1.40 mmol/l; alkaline phosphatase activity,

22-84 U/l,

35-120 U/l,

70-330 U/l,

60-400 U/l; PTH,

12-34 pg/ml,

10-70 pg/ml,

1.3-7.6 pmol/l; Normal urine ranges^[@R11]^:

calcium:creatinine clearance ratio \>0.01;

random calcium:creatinine ratio \>0.7;

24-hour calcium excretion \>4 mmol/24-hours;

Details of families from previously published reports^[@R5]-[@R7]^;

Known family history and details from probands only provided;

M, male, F, female;

Values are shown as mean ± SEM; Exact value not available but reported to be H, high; N, normal; L, low.

###### 

EC~50~ values of AP2S1 wild-type and FHH3-associated mutants.

  AP2σ2        EC~50~ (mM)   95% CI (mM)   p v WT   p v V
  ------------ ------------- ------------- -------- -------
  Vector (V)   2.76          2.69-2.84     \*\*     \-
  Arg15 (WT)   2.53          2.47-2.59     \-       \*\*
  Cys15 (m)    2.90          2.85-2.96     \*\*     \*
  Leu15 (m)    2.86          2.80-2.93     \*\*     ns
  His15 (m)    2.73          2.66-2.80     \*\*     ns

###### 

Effects of FHH3-associated *AP2S1* mutation (Arg15Cys) on CaSR cell-surface expression.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
               Total CaSR   Cell-surface CaSR              
  ------------ ------------ ------------------- ---------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Vector       100±1.4      101.9±2.3           100±4.9    47.1±3.6[a](#TFN21){ref-type="table-fn"}[\*](#TFN26){ref-type="table-fn"}

  WT (Arg15)   99.3±2.8     104.6±0.9           93±4.2     28.1±2.0[b](#TFN22){ref-type="table-fn"}[\*](#TFN26){ref-type="table-fn"},[d](#TFN24){ref-type="table-fn"}[\*](#TFN26){ref-type="table-fn"},[e](#TFN25){ref-type="table-fn"}[\#](#TFN27){ref-type="table-fn"}

  Mutant\      92.6±1.3     98.6±2.3            98.1±2.8   47.1±6.3[c](#TFN23){ref-type="table-fn"}[\*](#TFN26){ref-type="table-fn"}
  (Cys15)                                                  
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HEK293 cells which stably expressed the CaSR were transfected with WT (Arg15) *AP2S1*, mutant (Cys15) *AP2S1* or vector-only constructs, treated with either 0.5mM Ca^2+^~o~ or 5.0mM Ca^2+^~o~ for 15 minutes, and cell-surface and total expression of CaSR measured using an intact cell ELISA^[@R18]^. Results were normalised to vector-only transfected cells, as previously reported^[@R18]^, and shown as mean±SEM (n=6) for each experiment. Comparison of total CaSR at 0.5mM and 5mM revealed no significant difference. Comparison of cell-surface CaSR expression revealed significant differences as follows:

Compared to Vector (0.5mM);

Compared to WT (0.5mM);

Compared to Mutant (0.5mM);

Compared to Vector (5mM);

Compared to Mutant (5mM).

p\<0.005,

p\<0.05.
